Cell-cell adhesions are critical for the development and maintenance of tissues. Present at sites of cell-cell contact are the adherens junctions and tight junctions. The adherens junctions mediate cell-cell adhesion via the actions of nectins and cadherins. The tight junctions regulate passage of ions and small molecules between cells and establish cell polarity. Historically, the adherens and tight junctions have been thought of as discrete complexes. However, it is now clear that a high level of interdependency exists between the two junctional complexes. The adherens junctions and tight junctions are physically linked, by the zonula occludens proteins, and linked via signaling molecules including several polarity complexes and actin cytoskeletal modifiers. This review will first describe the individual components of both the adherens and tight junctions and then discuss the coupling of the two complexes with an emphasis on the signaling links and physical interactions between the two junctional complexes.
Introduction
The interactions between cells are important for the assembly and maintenance of three dimensional tissues. Ultrastructural studies reveal that cells are connected by multiple junctional complexes, including the tight junctions, adherens junctions, gap junctions, and desmosomes. These junctions are arranged with the tight junctions nearest the apical (lumen exposed) portion of the cell and the adherens junctions immediately underneath the tight junctions. Both the gap junctions and desmosomes are located more basally. Of these junctional components, the tight junctions and adherens junctions have been highly studied and are the subject of this review. It is appreciated that tight junctions are multiprotein complexes found in regions where membranes of two cells join together. The tight junctions have two functions: 1) a fence function, which prevents mixing of membrane lipids between the apical and basolateral membranes and 2) a gate function, which regulates the passage of molecules and ions between cells. In contrast, the adherens junctions contain two subcomplexes: the nectin-based adhesions, which form the first attachment of cells to their neighbors and the cadherin-based adhesions which mediate strong cell-cell adhesion.
While the adherens junctions and tight junctions have historically been studied as discrete complexes, evidence suggests a high level of interdependency. The formation of tight junctions is dependent on the cadherin-and nectin-based adhesions. Conversely, mutated tight junction proteins delay the maturation of adherens junctions [1] . Hence, these junctions are not discrete but highly interdependent. This review will first describe the main constituents of adherens junctions and tight junctions and then will focus on connections and interplay between the two junctions.
Adherens junctions
The adherens junctions are comprised of two families of transmembrane spanning, adhesive receptors: the cadherins and the nectins (Fig. 1) . The extracellular regions of these proteins mediate adhesion of cells to their neighbors while the intracellular regions interact with an array of proteins. These intracellular proteins control the assembly and dynamics of adherens junctions by modulating connections with the actin cytoskeleton and stimulating signaling pathways.
highly conserved and mediates interactions with the catenin proteins and other actin cytoskeletal binding proteins [6, 7] . Catenins recruited to the cadherin cytoplasmic domain include β-catenin, α-catenin, and p120-catenin (Fig. 1) . The interaction between E-cadherin and β-catenin retains β-catenin at sites of cell-cell contact. Under these conditions, E-cadherin prevents β-catenin from entering the nucleus, binding the transcription factor, Lef, and stimulating transcription [8] . In addition, β-catenin binds α-catenin, [7] which links E-cadherin to the actin cytoskeleton. α-Catenin is an actin bundling protein. The Nelson laboratory suggested α-catenin was unable to bind β-catenin and actin filaments simultaneously [9] . However, it is now widely appreciated that α-catenin binds both β-catenin and actin filaments, but this event is restricted to cells under force [10] . A third catenin, p120-catenin directly binds to the E-cadherin juxtamembrane domain [6, 11, 12] . This interaction stabilizes E-cadherin at the plasma membrane, promotes cadherin clustering, and stimulates the Rho family GTPases [13] . Subsequently, the Rho family GTPases bind effector proteins and modulate actin dynamics.
Nectins
The nectin family contains four members each with several splice variants [14] . The nectin extracellular domain contains three Ig-like loops, followed by a single pass transmembrane domain, and a cytoplasmic tail [15] . The Ig-like loops are necessary for the dimerization of nectins. Similar to the cadherins, nectin dimerization occurs through the formation of cis dimers followed by trans dimer formation across cell-cell junctions [15] .
Like cadherins, nectins mediate cell-cell adhesion and facilitate the establishment of apical-basolateral polarity. This adhesion is fundamentally different from the cadherins in two ways. First, nectin dimers are unable to support strong cell-cell adhesion, thereby rendering cadherins as the major cell-cell adhesion receptor in adherens junctions. Second, unlike cadherins, nectins can form homophilic interactions with the same family member and heterophilic interactions with related family members [16] .
The cytoplasmic tails of nectins are involved in protein-protein interactions (Fig. 1) . At the C-terminus of nectins, a PDZ binding motif binds afadin [15, 17] . Afadin is an actin binding protein that anchors the nectins to the actin cytoskeleton. The nectin-afadin interaction is essential for adherens junction maturation, as loss of afadin delays cadherin localization to cell-cell junctions and weakens adherens junctions [18] . In addition to afadin, nectins interact with cell polarity proteins, such as partitioning-defective homolog 3 (Par3) [15, 19] . This interaction ensures the correct spatial and temporal localization of Par3 and the subsequent establishment of apico-basolateral polarity.
Tight junctions
The most apical of all the junctional components are the tight junctions (Fig. 1) . The tight junctions have two functions. They have a barrier or gate function that regulates the passage of ions, water, and macromolecules through the regions between cells (i.e. paracellular space). Tight junctions also have a fence function that establishes and maintains cell polarity by restricting the distribution of lipids within the membrane.
Tight junctions are composed of greater than 40 proteins that are either transmembrane proteins or cytoplasmic actin-binding proteins. The former are responsible for establishing cell-cell contact in the intercellular space, while the latter serve as a link to the actin cytoskeleton. The primary constituents in the transmembrane group are the claudins, occludin, and junctional adhesion molecules (JAMs). The primary cytoplasmic actin binding proteins in the tight junctions are the zonula occludens (ZO) proteins.
Claudins
The claudins form the backbone of tight junctions and are the most important components of the tight junctions. They regulate the gate function of tight junctions by restricting the elements that pass by their size. The claudins have four transmembrane domains, with the Nterminus and the C-terminus in the cytoplasm [20, 21] . These domains are arranged such that there are two large extracellular loops and a cytoplasmic tail. Extracellular loop 1 contains several charged amino acid residues that regulate paracellular charge selectivity [22] . The 
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Experimental Cell Research 358 (2017) [39] [40] [41] [42] [43] [44] second extracellular loop mediates claudin dimerization between adjacent cells, helping to seal the junction and regulate paracellular transport [23] . The claudin cytoplasmic C-terminal tail has a PDZ motif through which it recruits PDZ scaffolding proteins [24] [25] [26] .
Occludin
Unlike the claudins, which are essential for the formation of tight junction, occludin is dispensable for tight junction assembly [27] . Rather it is important in maintaining the stability and barrier function of the tight junctions. Occludin spans the membrane four times forming two extracellular loops and cytoplasmic N-and C-termini [28, 29] . The first extracellular loop mediates interactions of occludin between adjacent cells, while the second extracellular loop is required for localization of occludin to the tight junctions [30] . The cytoplasmic tails are oriented in the cytoplasm where they are poised to mediate protein-protein interactions. The C-terminus is important for the barrier formation of tight junctions and binds several cytoplasmic proteins, including the ZO proteins [31] .
ZO proteins
The zonula occludens (ZO) proteins, ZO-1, ZO-2, and ZO-3, are structurally similar with two domains important for mediating proteinprotein interactions. These include a PDZ and a SH3 domain that are interspersed with conserved protein-binding domains known as unique (U) motifs [29] . Each domain mediates interactions with specific proteins known to localize to adherens junctions and/or tight junctions. For example, ZO-1 PDZ domains bind to tight junction proteins, such as claudins and JAMs, while the other ZO regions are thought to bind occludin [26, [32] [33] [34] . In addition to tight junction proteins, ZO-1 binds the adherens junction proteins afadin and α-catenin [35] [36] [37] . Given its interactions with adherens junction and tight junction components, ZO-1 is poised to link the two junctional complexes.
Junctional adhesion molecules
The final transmembrane components of the tight junctions are the junctional adhesion molecules (JAMs). JAMs are single membrane spanning proteins with an extracellular domain of two IgG-like folds, a transmembrane domain, and a cytoplasmic tail [38] . The extracellular domains mediate homophilic interactions between adjacent cells to stabilize cell-cell junctions. Like claudins and occludin, the cytoplasmic tail is involved in protein-protein interactions.
JAMs localize to tight junctions and support their formation. Experiments show that the appearance of JAMs at cell-cell junctions increases electrical resistance and reduces paracellular permeability [39] . In addition to maintaining the barrier function of tight junctions, JAMs recruit polarity complex proteins and scaffolding proteins, like ZO-1 to help establish the apical and basolateral polarity of cell-cell junctions [40] . The assembly of the tight junctions is coupled to the formation of the adherens junctions. To understand how this coupling occurs, we first must consider how cell-cell junctions are formed. Cell-cell junctions assemble via a highly concerted, multistep process. First, the membranes of neighboring cells extend actin-rich protrusions, placing two opposing cell membranes in close proximity. Second, nectins on one cell form homophilic interactions with nectins on adjacent cells. Following nectin dimerization, the main adhesion proteins of adherens junctions, cadherins, dimerize across the paracellular space and establish the first cell-cell adhesive contacts. Upon establishment of these primordial adherens junctions, the tight junctions begin to form.
The formation of the tight junctions is supported by the nascent adherens junctions. How the nascent adherens junctions are coupled to the assembly of tight junctions is an area of active investigation with clues provided from deletion or knockdown studies. Loss of the nectin binding protein, afadin, the cadherin binding protein, α-catenin, or the tight junction protein, ZO-1, results in cells that do not develop tight junctions, suggesting that these proteins physically link the two junctional types [36, 41] . Two of these proteins, afadin and α-catenin, localize exclusively to adherens junctions, while the other, ZO-1, is unique in that it associates with adherens junctions during assembly and later localizes exclusively to tight junctions [35] [36] [37] 42] . Mutational analyses identified ZO-1 regions as critical for tight junction assembly [34, 43] . The U5 region binds α-catenin, and the SH3 domain binds afadin and both are essential for proper tight junction assembly [36] . Hence, both ZO-1 binding to afadin and ZO-1 binding α-catenin are critical for linking the assembly of tight junctions to adherens junctions.
To explain how the linkage between tight junctions and adherens junctions might occur mechanistically, Ooshio et al. proposed that afadin binds ZO-1 prior to the assembly of adherens junctions and provides the link to the tight junctions. In support of this idea, cells expressing a mutant version of afadin unable to bind ZO-1 assemble adherens junctions but not tight junctions [36] . However, this model is likely incomplete as other work suggests that cadherin-mediated adhesion is important for linking the two junctions and ZO-1 deletion delays but does not prevent tight junction assembly [41, 44] . Recently, our laboratory demonstrated that α-catenin transiently associates with ZO-1 in assembling cell-cell junctions and mutant versions of α-catenin unable to bind ZO-1 do not form functional tight junctions despite assembling robust adherens junctions [45] . These findings highlight a role for α-catenin binding to ZO-1 in coupling the tight junction assembly and adherens junction formation.
Based on this new information, we propose a new model to describe how tight junctions are linked to adherens junction assembly (Fig. 2) . Upon initiation of cell-cell contact, nectin-based adhesions form, recruiting afadin bound to ZO-1 [36, 46] . The nectin-based adhesions support the assembly of the cadherin adhesion complex, leading to the recruitment of α-catenin [15, 47, 48] . α-Catenin subsequently binds ZO-1. As adherens junctions mature, tight junction assembly begins with occludin and members of the claudin family being recruited. Occludin binds ZO-1 [49] . As the tight junctions continue to mature, the tight junction complex, including ZO-1, moves apically, leading to two distinct junctional complexes [42] .
This model (Fig. 2) suggests the assembly of tight junctions and adherens junctions occurs in a sequential fashion. In support of this idea, previous studies show that cadherin-based adhesions are disrupted when nectin-based adhesions are lost, and tight junctions do not form in the absence of afadin [18, 36] . In further support of this notion, ZO-1 binding to α-catenin is an essential step in tight junction assembly, but loss of this interaction does not impair nectin-based adhesions. Thus, nectin-based adhesions are required for the assembly of cadherin-based adhesions, which in turn support tight junction formation.
This model does not address the nature of the complexes formed by cytoplasmic proteins during junctional assembly. It is tempting to propose that afadin hands off ZO-1 to α-catenin and α-catenin hands off ZO-1 to occludin. However, it is also possible that large protein complexes exist in which all the proteins are present. ZO-1, afadin, and α-catenin have been shown to bind one another in bipartite complexes but it is unknown whether a tripartite complex exists [34] [35] [36] 50] . Afadin and ZO-1 bind to distinct regions of α-catenin, and α-catenin and afadin do not compete for binding to ZO-1, suggesting that a tripartite complex is feasible [34, 50, 51] . In contrast, α-catenin and occludin compete for binding to ZO-1, with occludin having a stronger affinity for ZO-1 than α-catenin
Experimental Cell Research 358 (2017) 39-44 [34] . This competition is supported by cell-based assays that indicate ZO-1 association with adherens junctions and tight junctions is mutually exclusive [42] . Taken together, these observations suggest that α-catenin, afadin, and ZO-1 could potentially form a tripartite complex that then hands off ZO-1 to occludin. In contrast to a role for ZO-1 binding to α-catenin, work from another group found that fragments of α-catenin lacking the ZO-1 binding site can support tight junction assembly. Twiss et al. identified α-catenin 1-402 as sufficient for proper localization of tight junction components and barrier formation in cells under force [52] . Hence while α-catenin binding to ZO-1 couples tight junctions to adherens junction, it is likely that other binding proteins may also play a role. One intriguing possibility is that cells under force have additional mechanisms for coupling the assembly of tight junctions to adherens junctions.
Finally it is important to note cadherins are dispensable for the formation of tight junctions in some settings. For example, Yamada et al. observed cells lacking annexin II, a calcium-dependent phospholipid binding protein, could assembly tight junctions when cadherins were absent [53] . In these cells nectin-based adhesions alone supported tight junction formation. In other settings, tight junction assembly is independent of both the cadherins and nectins. For example, polarized human hepatocytes unable to form adherens junctions slowly form tight junctions [54] . Hence tight junctions can sometimes form in the absence of adherens junctions.
Physical linkages between the adherens junctions and tight junctions: ZO-1 binding to vinculin, VASP and cortactin
While ZO-1 binding to α-catenin is an established mechanism for linking the tight junctions to the adherens junctions, several other actin binding proteins present in cadherin containing cell-cell junctions bind ZO-1. Hence, ZO-1 may mediate additional linkages between the tight junctions and adherens junction. One such ZO-1 binding partner is vinculin. In cardiomyocytes, vinculin, an actin bundling protein, is localized to the intercalated disks, a structure that resembles adherens junctions [55, 56] . Furthermore, it directly binds ZO-1 and is necessary for ZO-1 localization to the intercalated disc [57] . Similarly, vasodilator activated phosphoprotein (VASP), an F-actin anti-capping protein, localizes to adherens junction and its loss disrupts the epithelial barrier, causing fatal vascular leakage [58] [59] [60] . VASP co-immunoprecipitates and co-localizes with ZO-1 [61] . Finally, cortactin, a weak activator of the actin nucleator Arp2/3 complex, localizes to adherens junctions [62] . Like vinculin and VASP, cortactin binds to ZO-1 but the functional consequence of this interaction has not been explored [63] .
It is not fully understood how the interactions between ZO-1 and the various actin binding proteins coordinate the interplay between adherens junctions and tight junctions. Vinculin, VASP, and cortactin have different effects on the actin cytoskeleton. Furthermore, different types of actin structures are observed in epithelial cells [64] . Lomakin et al. noted a competition among branched and bundled F-actin networks during cell polarization [65] . Hence, it is possible that ZO-1 (by virtue of its ability to recruit different types of actin modifiers) orchestrates the assembly of different types of actin structures. Some of these structures could promote the assembly of the tight junction at the adherens junctions and others might remodel the actin structures to allow the tight junction to mature and discriminate from the adherens junction.
Conclusions
In summary, cell-cell contacts are critical for tissue establishment and homeostasis. The adherens junctions, composed of cadherins and nectins, mediate cell-cell adhesion. The tight junctions, including claudins, occludin, and JAMs, establish apical-basolateral polarity and regulate the paracellular transport of ions and solutes. Historically, the adherens and tight junctions were viewed as discrete complexes. However, new evidence has emerged highlighting their interdependency. From these studies, it is now appreciated that there are both physical and signaling linkages between the adherens junctions and tight junctions. ZO-1 physically links the two junctional complexes via its interactions with the actin binding proteins, α-catenin and afadin. These interactions promote the maturation of adherens junctions and the subsequent assembly of tight junctions. In addition to physical linkages, signaling couples the tight junctions to the adherens junctions. Polarity complexes, including Par, Crumbs, and Scribble, regulate the maturation of primordial adherens junctions, control the positioning of the tight junctions, and determine the apical and lateral surfaces. Finally, many events underlying the interplay between tight junction and adherens junctions are dependent upon the interaction of junctional proteins with the actin cytoskeleton and its regulation by myosin II.
Future directions
Despite considerable progress in understanding how tight junction assembly is linked to the formation of adherens junctions, many questions remain. It is highly likely the full repertoire of proteins mediating coupling has not yet been determined. Also we still have a poor understanding for how the proteins involved in the coupling are regulated. This lack of information extends to understanding how the activities of these proteins are stimulated by polarity proteins to allow assembly and how these events are curtailed to allow for maturation and discrimination of the tight junction from the adherens junction. Finally we still need to establish how these linkages drive diverse cellular process. Understanding the latter events is likely to uncover novel mechanisms underlying the genesis and pathogenesis of disease.
